Introduction
An exoskeleton is an electromechanical device which can be worn by users for power augmentation or rehabilitation and can walk in concert with the operator's locomotion [1] . It have extensive applications in civil and military field, including rehabilitation training for the patients, helping the elderly or the disabled one to walk without feeling any weakness, assisting the operator to lift more payloads (e.g. ammunition) in military field. Due to a broad prospect in application, it has attracted a lot of researchers' attention in the community of robotics around the world.
Berkeley lower extremity exoskeleton (BLEEX) which is used to augment human strength and endurance during locomotion was developed in University of California, Berkeley. BLEEX utilized hydraulic driving mode and linear hydraulic actuators were employed to drive each joint. The sensitivity amplification controller was employed to control BLEEX and this control method heavily depends on accurate dynamics of BLEEX, which is stable under specific operating conditions [2] [3] [4] . HAL (Hybrid Assistive Leg) was developed at University of Tsukuba in Japan. It can increase wearer's joint torque directly to lift heavy loads. It utilizes DC to drive each joint and uses a lot of sensors to acquire the motion intention of operator [5] [6] . XOS2 which is developed by Raytheon is a whole body power assist exoskeleton and is considered as the most successful load-carrying exoskeleton around the world. Furthermore, exoskeletons which were reported publicly include HER-CULE, HULC, Locomat [7] [8] .
PID is widely used in industrial control and robot control. In some cases, PID algorithm cannot achieve satisfactory results due to its bad adaptability to external environment [9] . So many researchers proposed different robust control algorithms to solve this problem, e.g. adaptive control, variable structure, fuzzy control. Another approach is to combine these advanced control algorithm and PID control algorithm. Then, some improved PID control algorithm emerged, for example, adaptive PID, fuzzy PID, or other intelligent PID control algorithms. Some exoskeletons adopted improved PID algorithm, e.g. the upper exoskeleton PERCRO L-Exos used slide mode PD controller [10] [11] .
The sliding mode control (SMC) was firstly proposed and elaborated by S.V. Emelyanov, then further developed by V. Utkin in the last century. Because of its robustness with respect to uncertainties and external disturbances, it has attracted a great attention of researchers who engaged in the study of control field. The engineering practices show that SMC is an efficient tool to cope with complex nonlinear dynamic plants operating under uncertainties [12] [13] . For example, Song [14] applied the sliding mode control based on RBF neural network to a lower limb exoskeleton suit.
E.H. Mamdani successfully applied fuzzy logic which was proposed by Zadeh to the stream engine control system in 1974, which marked the emergence of fuzzy control. Thereafter, as an intelligent control method, it was further developed by other researchers, including Takagi and Sugeno who proposed the famous method of T-S fuzzy inference [15] [16] [17] . However, the fuzzy logic can be understood and implemented by computer conveniently, and other superiority over conventional method, including high robustness to system uncertainties and insensitiveness to imprecise dynamics of plant, that make it to be another effective method to nonlinear systems [18] . This paper presents a wearable exoskeleton for augmentation which is developed in the authors' university, including the configuration of mechanism and control system of exoskeleton. Furthermore, the configuration of control system is also presented in detail. In this paper, the sliding mode control algorithms with fuzzy compensation were presented and were employed in the exoskeleton joints control. The experimental results show that it is effective.
The remainder of this paper is organized as follows. The mechanical structure is presented in Section 2. The dynamics of the exoskeleton system is described in Section 3. The control architecture is introduced in Section 4. The controller design and stability verification based on the Lyapunov method are presented in Section 5. The experimental results of the exoskeleton tracking performance are showed and analyzed in Section 6. At the end of this paper, the conclusion is drawn in Section 7.
Mechanical structure
We developed a power assistant lower extremity exoskeleton (SPAEX) which is showed in Fig. 1 , where the left one is the three-dimensional modeling diagram and the right one is the prototype. SPAEX is designed to have seven degrees of freedom (DOF) in the sagittal plane, including hip joints, knee joints and ankle joints. However, there is a small range of passive movement at the hip joints in transverse plane. The hip joints are actuated by double-tendon-sheath and the knee joints are driven by hydraulic actuators directly. In order to adapt to different one, the length of thigh and shank can be adjusted according to the operator. A spring is mounted at the ankle to store some energy at the negative work stage while walking. a b 
Dynamics of exoskeleton
Previously, the walking states of exoskeleton were divided into three stages (including BLEEX) around the world: single support, double support and double support with one redundancy [3] .
However, the latter stages can be combined to one stage for the convenience of modeling, namely double support stage. Then, the walking states of exoskeleton are divided into two phases as shown in Fig. 2 .
Single support: one leg is in stance phase and another is in swing phase.
SPAEX is modeled as a seven DOF serial link mechanism in the sagittal plane.
Double support: both legs are in stance phase. The SPAEX is modeled as two planar four DOF serial link mechanisms that are connected to each other in the torso section.
The dynamics of exoskeleton is formulated in these two distinct walking states with the classical Lagrangian method and was presented in authors' previous paper [19] . Finally, the dynamics of SPAEX can be expressed in the canonical form:
where  ,  ,  are the joint angles, angular velocities, and accelerations of SPAEX, respectively. 
Control architecture
The control architecture of SPAEX as shown in Fig. 3 is designed. The entire control system mainly includes decision controller, joints controller and sensor data acquisition which includes the foot force sensors, joint angle sensors, two force sensors between human and exoskeleton which is used to identify the motion intention of the operator. The decision controller module generates the desired joints trajectory on the basis of the force sensors between human and the exoskeleton. Joints controller generates control commands to drive each joint actuator based on the decision controller output and sensor data. From the hierarchy point of view, the decision controller is the highest level controller. The joints controller which directly controls the position of exoskeleton joints is the low level controller.
Ground conditions The schematic of joints controller is shown in Fig. 4 and will be elaborated in Section 5. 
Controller design
In order to ensure the exoskeleton to follow the human while walking, the motion of each joint need to track the desired trajectory in real time. The exoskeleton joint controller is composed of the sliding mode controller and fuzzy logic compensator as shown in Fig. 3 . The main controller is implemented by sliding mode control method and fuzzy logic compensator is employed to diminish the errors that are produced by uncertainties. x is the desired trajectory of joints which is determined by the interactive force between the exoskeleton and human, and .
The sliding mode variable structure method is chosen to design the exoskeleton controller because of its excellent anti-disturbance capability. Generally, the sliding mode controller consists of equivalent control and switch control [13, 20] . However, a suitable sliding mode hyperplane should be designed for the controller firstly, and the designed controller should guarantee the variables of state move towards and stay in the hyperplane.
The sliding mode hyperplane is defined as follows [21] : 
Then, the derivative of s is:
where the symbols
, G and used in this paper below, respectively. In fact, the external disturbance   dx is unknown and variant, and error of the dynamics of the exoskeleton is also existed. The fuzzy logic systems have strong capabilities and can almost approximate any continuous function [22] . So the fuzzy logic system is taken into consideration to approximate the actual value of
As shown in Fig. 5 , a basic fuzzy logic system consists of a fuzzifier, some fuzzy IF-THEN rules base, a fuzzy inference engine and a defuzzifier, generally [23] [24] [25] [26] . 
where, Table 1 . The tracking errors and the change rates of the errors are the inputs, the compensation torque are outputs, respectively. The symbols NL, NM, ZE, PM, and PL stand for negative large, negative medium, zero, positive medium, and positive large, respectively. By using Singleton fuzzification, product inference engine and the center of gravity (COG) defuzzification method, the output of fuzzy system can be expressed in the following equation: 
 
where:
The approximation errors are expressed as follows:
And, the optimal approximation parameter is defined as follows:
The candidate Lyapunov function is defined as follows [22] :
where 
Substituting the Eq. (3) into (16), then:
The control laws are selected as follows:
where E is a matrix and   
where; 
The approximation error of fuzzy system can be infinitely small, that is, f e can converge to neighborhood of zero. Then, the following inequality can be obtained:
Vt is negative definite that guarantee the system is globally uniformly asymptotically stable.
In order to alleviate the adverse effect of chattering phenomenon of sliding mode control, a saturation function is used in place of the sign function   sgn s in control laws. The saturation function is defined as follows:
where  is the width of boundary layer of the sliding mode surface. However, the boundary layer Δ influences the control precision and robustness, so the size is determined specifically in the actual experiment. The part of exoskeleton parameters are listed in Table 2 . Table 2 The parameters of exoskeleton
Symbols
Parameter meaning Value 
Experimental hardware
As shown in Fig. 7 , the experiment platform consists of two industrial computers and the exoskeleton mainly. The hardware architecture of the control system is presented in Fig. 8 . The control hardware mainly is composed of two industrial personal computers(IPC-610L, Advantech Inc.), an analog input/output module (PCL-812PG, Advantech Inc.) which acquires data of sensors and output control signals, servo amplfiers, electro-hydraulic servovalves, hydraulic cylinders which are specifically designed for the exoskeleton, potentiometers which are mounted at the joints of exoskeleton for measuring the rotation angles. Two industrial personal computers communicate via The Ethernet or serial port and work in the mode of Matlab/Simulink Real-time Workshop. One computer is the host computer which is used to implement the control algorithm easily and the another computer is the target computer which is utilized to output the control commands in real-time. The proposed controller is implemented in MATLAB/Simulink and Fig. 9 shows a simplified MATLAB controller scheme. A Bessel low pass analog filter with a cut-off frequency of 55 rad/s is used in MATLAB to attenuate the noises of velocity signal. The output of controller is restricted by a saturation module to produce voltage between 0-5V because maximum input voltage of servo amplifier is 5V. Fig. 9 The simplified MATLAB controller scheme
Experiment results
To verify the effectiveness of the proposed fuzzy compensation control scheme, some comparative study between the proposed FCSMC and the conventional PID method were completed in the experiments with different operating conditions, including with variable external loads and without external loads.
In the tracking experiments of exoskeleton hip joint and knee joint, the desired trajectory (DT) are set as The tracking errors of knee joint without loads Fig. 16 The knee joint tracking with variable loads Fig. 17 The errors of knee joint with variable loads Fig. 18 The tracking results with FCSMC scheme at the variable frequency and amplitude Fig. 11 and Fig. 15 show the comparison of errors. However, FCSMC can obtain better tracking results and have relatively small errors compared with PID with variable external loads as shown in Fig. 12 and Fig. 16 . From  Fig. 13 and Fig. 17 , we can clearly see that the tracking errors with FCSMC are smaller than the errors with PID. Time(s) Angle(rad) DT FCSMC subsequently. As shown in Fig. 19 and Fig. 20 , actual human gait hip and knee trajectories in accordance with the kinematic CGA data were also selected as the reference trajectory. Similarly, the tracking results are satisfactory and have acceptable errors.
From above experiments, the results indicate that the control performance and robustness of the proposed joints controller based on fuzzy compensation sliding mode control at variable conditions are better than that of the controller based on PID.
Conclusion
A power assist lower extremity exoskeleton (SPAEX) was developed in Southeast University, China. The mechanical design and architecture of control system were introduced in this paper. However, the conventional control method cannot be competent for the plants with inaccurate dynamics and uncertain external disturbances, e.g. PID control. The sliding mode control with fuzzy compensation algorithm of the exoskeleton was proposed to deal with this issue. According to the comparative experimental results, the proposed control scheme is effective and advantageous under the uncertain external disturbances. So we can conclude that the proposed control scheme can guarantee the requirements for high accuracy of the position tracking and be applied to the exoskeleton successfully.
As future work, we will try to coordinate the joints so that the exoskeleton can walk in concert with the operator.
